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Abstract

In the humid tropics, thereisahigh pdential for appreaable losses of mobil e nutrients such as
nitratesfrom the root zone due to intense leating. A dye trace study and column displacenent
experimentsvere wnduwted to charaderize and quantify the important physicd and chemicd
mecharmsms governing the transport of anionic traces in an Ultisol in southern Costa Rica
Displacemenexperiments demonstrated that adsorption caused bromide to move & a slower rate
thanwater in the subsoil. At high pae water velociti es, anion adsorption was not in equili brium
with bulk solution concentrations. The dye tracer ssmbyvs that significant bypassng o water
and dye occurred in the surface horizon under unsaturated, transient flow conditions.

Introduction

The adility to describe field soil water and solute transport isimportant for understanding and
mitigatingawide range of agricultural and environmenta problems. In the humid tropics thereis
ahigh pdentia for appredable losses of mobil e nutrients guch as nitrate from the root zone due to
intenseleading (Arora and Juo, 1982 Bornemisza, 1982; van der Kruijs et a., 1988 Possand
Saragoni1992. Despite significant leading losses of applied N in Costa Rica(Martinez et d.,
1987), detailed evaluations of transport properties of these soils are lacking. This hampers the
identification of important transport mecdhanisms of solute movement and the identificaion o
management practices which may promote efficient use of soil amendments.

The principal medianisms that may influence anion transport in add soil s of the tropics other
thanthe anourt of infiltrated rainfall i ncludes anion adsorption and physicd norequili brium. A
small amourt of anion exchange caadty normally asociated with soils containing significant
amounts of variable charge mineras (Parfitt, 1980 will slow the movement of norspedficdly
adsorbedinions sichasNO;, Br', and Cl". The retarded movement of anions relative to water has
beendemonstrated in numerous add soils of tropicd regions (Wong et a., 1990. Physicd
nonequilibrium or, equivaently, bypass flow describes a phenomenon whereby solution
concentrationsvithin two or more soil regions are not at loca equili brium due to slow advedive
and/ordiffusive exchanges between these regions. This can result in an apparent nonequili brium
of adsorbed concentration with resped to solution concentrations when the sol ute vel ociti es of the
tworegionsarenot equivalent. Bypassflow isbelieved to beresporsiblefor the ealy breakthrough
andtaili ng associated with dsplacanent experiments in structured soils. Much of the physicd
evidencefor the occurrence of bypassflow in soil s is descriptive, such as the use of visible dye



traces. However, column dsplacanent studies (e.g. Trojan and Linden, 1993 have shown that
bypassflow can significantly influence transport rates at or nea saturation. The pradicd
significanceof anion adsorption and byassflow isthat they can retard leating so that plants and
microorganismshave alditional time to immobilize NO,;-N thereby further slowing the rate of
nitrogen loss from the system.

The objedive of this reseach was to charaderize the important physicd and chemicd
mechanismgjoverning the transport of anion tracesin an Ultisol locaed in southern Costa Rica
Columndisplacement studieswere caried ou usingintad soil corestoidentify transport processes
operativeuncer unsaturated, steady-stateflow condti onsover arange of mean paewater vel ociti es.
In addition, adye trace study was condwcted in small field plots to charaderizethe spatial pattern
of water flow.

Materialsand M ethods

The study was condicted in southern Costa Ricaon fine textured Ulti sols (very fine, kaolinitic,
isohyperthermicOxyaquic Hapludut) inatwo hastudysite. This ste hasan average slopeof 20%
andamean annual predpitation o approximately 3000mm. The site has been managed under ano-
till bean-corn rotation for ten years.

In laboratory studies, batch methods were used to oltain adsorptionisothermsfor Br, NO;, and
Brilli ant Blue FCF dye. Concentration ranges of Brilli ant blue FCF dye and Br match those ranges
usedin the field and columns respedively. Suspensions were dlowed to equili brate for 20 hous
atroom temperature and centrifuged down to coll ed the supernatant. For Br and NO;” adsorption,
theionic strength was maintained at 0.015with cacium chloride. Batch adsorption measurements
of Brilli ant Blue FCF were made usingabadkgroundconcentration o 0.015M NaCl. Bromide and
NO, concentrations/eremeasured usinganion-seledive dedrodewhereasdye concentrationswere
measured using a colorimeter at a wavelength of 630 nm.

Undisturbed soil columns were olleded inthefield at depths of 0 to 15cm, 20to 40cm, 42to
57 cm, and 57to 77 cm correspondng to the Ap/AB, Btl, Bt2 and Bt3 haizons respedively.
Cylindricalsoil columns(10.1cmi.d.) wereisolated byincrementall y forcingabevel ed cuttingedge
coupledto apayvinyl chloride pipe over apreviously carved pedestal of soil. Excess ®il material
atthebottom andtop d the gylinderswastrimmed flush and cgpswere seaured to the endsto permit
transportto the laboratory in Costa Rica Oriented thin sedions were prepared from air dry,
undisturbed clods impregnated with a polyester resin under a vacuum.

The bottom and top o ead column was fitted with fritted glassplates with bubbing presaure
headganging from -40to -52 cm H,O. Displacanent experiments were conducted at tensions of
-1to 14cmH,0O (-1.0to 13.7mbars) under aunit hydrauli c gradient. Once olumnswere saturated
with 5mM CaCl,, displacenent experimentswere mnducted at seleded presuureheadsusing 5mM
CaBr, astheinfluent solution. Thebromidetrace wasinjeded continuowsly only after asteady state
flux of 5mM CaCl, had been established. Bromide mncentrations in the dfluent solution were
measuredising an ion-seledive dedrode. On completion d ead displacenent experiment, the
columnswere weighed to alow the determination d water content. The alvedive-dispersive
equationand a dua-porosity modd (e.g. Gerke and van Genuchten, 1993 were fitted to
dimensionless effluent concentrations using nonlinear, least-squares parameter optimization.

The dye study was caried ou in the field duing the dry season ontwelve plots at threefield
locationswithin the site. Within ead field locaion four 1.2 x 1.2m subgots were establi shed to
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examinefour experimental treaments. (1) dye goplicaion to soil with residue intad and no pe-
wetting, (2) dye gplicaion to a pre-wetted soil with residue intad (3) dye gplicaion to a pre-
wettedsoil with residue removed, and (4) application d dye solution to a pre-wetted soil with
residueremoved and soil till ed by hand to a depth of 12 to 15cm. Subpots were pre-wet by
applying20.0cm of water over the plot and al owing redistribution o water to occur overnight.
Brilliant Blue FCF, an anionic dye, was applied at a concentration o five g L™ to ead of the
subplotswith aspray nazzle. A 4.0 cm depth of dye solution was applied at a constant rate of 6.8
cmhr to an eff edive plot diameter of 0.9m. Approximately two hous after the gplicaion d the
dye, the lower half of the circular ploigere excavated to the depth of maximum dye penetration.
Photographs of vertical cross-sections were taken to preserve a record of the dye patterns.

Results and Discussion
Batch adsorption

Adsorption isotherms for Brilli ant Blue FCF (Fig. 1) were norinea and hest described by a
generaFreundich mode (Kinniburghet a. 1986. However, adsorptionisothermsfor Br (Fig. 2
andNO, werelinea within the range of concentrations considered in this gudy. Adsorptionfor all
threeanionsincreased with increasing soil depth. Distribution coefficients (K,) cdculated from the
slopeof isothermsranged from 0.0to 1.7L kg™ for Br and 0.56t0 2.6L kg™ for NO,. Thesevalues
correspondo retardation fadors ranging from 1.0to 4.7for Br  and 1.8to 6.6for NO,. Nitrate
somption was always greder than Br sorptionwhich suggests that NO;” may be slightly more
competitivethan Br™ in exchange readions invalving the displacement of CI in these soils. The
rangesn dstribution coefficients andretardationfadorsobtained in this sudyfor NO, andBr are,
in general, somewhat higher than that reported for other Ultisols but fall within the range reported
for Oxisols and Ultisols (Wong et al., 1990).

Displacement studies

Concentrations predicted by the alvedive-dispersive equation agreed closely with the
concentrationgmeasured in the dfluent at tensions greder than o equal to 10 cm of water
correspondingo mean pae water velociti es lessthan about 4.0cm ht. At higher mean pae water
velocities,the fitted ADE generally provided apoar description d effluent concentrations at ealy
andlatetimes. Figure 3 shows the influence of mean pae water velocity onK,/K,,, whereK is
the distribution coefficient obtained from the fit of the ADE to effluent concentrations at the
correspondingpare water velocities. The variable K, represents the estimated equili brium
distributioncoefficient for the same clumn at slow water velocities correspondng to tensions of
10 cm H,O or greaer. The deaease in K, /K, with increaing velocity indicaes that local
equili brium between adsorbed and buk solution concentrations was not attained as aresult of slow
diffusive exchanges between the maaopare and matrix regions.

Thedual-porosity model predicted large diff erencesintransport between the surface(Ap/AB) and
Bt2 harizons as evidenced by the plot of the predicted resident concentrations in ead region as a
functionof time(Fig. 4). Obvioudly, theresident concentrationswithin the matrix region o the Bt2
horizon lag considerably behind the maadopare concentrations. In contrast, the model fit obtained
for the Ap/AB horizonat approximately the same porewater vel ocity demonstratesthat both regions
are nealy at equilibrium for all times. These results are in quelitative agreement with the thin
sedions prepared for these two haizons. For the Bt2 haizon, matrix regions are largely isolated
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from large pores whereas for the Ap haizon, matrix regions are not isolated and located within a
highly conredive pore network (Fig. 5).

Dye study

Dye patterns exhibited by urtill ed subpotswere charaderized bytheincomplete staining d the
surfaceharizonandan acawmulation d dye & andjust below theinterfadal areabetweenthe Ap and
AB haizons (Figs. 6and 7). Thiswastypicd of dye stained plotsthat werenat tilled. In contrast,
tilled plots (Fig. 8 exhibited rather uniform dye staining patterns with significantly (P < 0.05
greaterfradion d stained soil in the Ap haizon as compared to the subpots with residue intad.
These results suggest that till age deaeased the degree of bypassflow in the surfacehorizon. At
greaterdepths, al subgotsexhibited stained regionsthat were asociated with ped interfaces, roots
and root channels.

Conclusions

Both batch and dsplacanent experiments demonstrate that anion adsorption causes Br to move
asmuch asfour times ower than water in the subsoil. Under stealy stateflow conditions, diffusive
exchangse between maaopae and matrix regions were relatively rapid in the surfacehorizons.
Accordingly,these results suggest that the dfeds of nonequili brium uponsolute transport in these
horizonsis negligible & steady state flow rates correspondngto expeded rainfall i ntensitiesin the
field (i.e. lessthan 100mmh™). Inthe Bt2 haizon, havever, the dual-porosity model i ndicated that
therate of diffusive exchangesinto and ou of the matrix region, containing more than 93% of the
soil water, was slow relative to the surface horizon.

The dye patterns exhibited in the surfacehorizons of this il demonstrate that bypassng can
occur uncer rainfall i ntensiti esfar below that of saturated condLctivity (approximately 500mmh™).
The distinct flow paths in the surfacehorizon are likely a result of the initiation of wetting front
instabiliti es generated just below the soil surface In contrast to the @mlumn dsplacement
experiments, the bypassflow exhibited inthe Ap haizonsof the dye stained plots may beimportant
in controlli ng the mohility of solutesin the soils. The diff erence between these two studiesliesin
the fad that the dye tracer study was condwcted under transient condtions correspondng to an
infiltration event. Till age was foundto increase the interadion d the surfacehorizon with dye.
Under no-till management, residence times of solute in undsturbed surfacehorizons would be
expeded to be longer than in till ed soils. This may be important when native sources of NO,;-N
make significant contributions to crop requirements.
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Fig. 1. Batchisotherms of Brilli ant Blue FCF for several horizons of the CR2 pedon. The
lines are the nontlinea least squaresfit of the general Freundich isotherm to the data.
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Fig. 2. Batch isotherms of bromide obtained for several soil samplesin dfferent horizons
of the CR2 pedon. Thelines arethe least squaresfit of the linea isotherm to the data.
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Fig. 3.Influence of the mean pae water velocity upon lyomide adsorption K relative to
equili brium adsorptionK ., predicted by the ADE at slow (<4 cm h') porewater velocities.,
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Fig. 4. Resident concentrations in the maaopae and matrix regions predicted by the fit
of the dual-porosity model to bresthrough curves for the Ap/AB and Bt2 haizons of
the CR2 pedon.



Fig. 5. Thin-sedions of undsturbed peds for the Ap haizon (left) and the Bt2 haizon (right) of the CR2
pedon.
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Fig. 6. Verticd crosssedion d sub-
plot with residue intad in plot B
after a sprinkling application o
4.0 cm dye solution. Blak aress
are stained and gray areas in the
image are labels or exterior
regions.
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Fig. 7. Verticd crosssedion d sub-
plot with residue removed in plot
B after asprinkling applicaion o
4.0 cm dye solution. Blak areas
are stained and gray areas in the
image are labels or exterior
regions. Image tilted to corred
for slope.
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Fig. 8. Verticd crosssedion d
tilled sub-plot in pot B after a
sprinkling application d 4.0 cm
dye solution. Bladk areas are
stained and gray areas in the
image are labels or exterior
regions.
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